Abstract: Chiral spoof surface plasmon polaritons in the terahertz region, resulting from a coherent superposition of TM and HE modes, can be generated by normally exciting helically corrugated metal wire with a linearly polarized Gaussian light. The handedness of the chiral SPP depends on the handedness of the helical groove. The chirality of the surface wave causes a spiral spatial extent of average power whose period is determined by the difference in the wave vector between two modes. Simultaneously, highly circular polarization of a confined surface wave emerges from the chirality of the geometry. Moreover, the polarization state is heavily dependent on working frequency relative to the characteristic frequency of each mode. This type of chiral SPP, originating from the helical groove, makes helically corrugated metal wire useful for some special applications, such as circularly polarized sources for terahertz near-field microscopy or terahertz sensors for chiral biomolecules.
Introduction
As the underexplored gap of the electromagnetic field, terahertz (THz) has a unique advantage in many applications such as explosive detection [1] [2] , nondestructive evaluation for pharmaceutical tablets [3, 4] and spectroscopic analysis of proteins [5, 6] for many macromolecules that have vibrational frequencies in the THz frequency region [7] [8] [9] . A circularly polarized plane wave is chiral because it carries a nonzero angular momentum. Some important research in the fields of molecular spectroscopy and structural biology [10] [11] [12] are based on the interaction of chiral molecules and circularly polarized electromagnetic fields. Circularly polarized THz light is very important for studying macromolecular chiral structures, such as DNA or proteins. Especially for THz near-field microscopy, the sub-wavelength circularly polarized point source plays a great role. How to manipulate the polarization of radiation and shape EM fields at sub-wavelength scale dimensions has always been a hot issue [13, 14] .
Surface plasmon polaritons (SPP), collective excitations of conduction electrons that only exist on the interface between metal and dielectric and enable electromagnetic waves to be localized and highly confined spatially, even to the nanometre dimension, play a potential role in addressing this challenge [15, 16] . Single metallic nanowire has attracted significant interest because it can be taken as an SPP waveguide, whose merit of nanometre-scale cross sections and capability of supporting SPP propagating a long distance relative to the incident wavelength make it broadly applicable in fields that require sub-wavelengths, such as dot source [17, 18] or single molecule sensor [19] . Recently, it was demonstrated theoretically and experimentally that the chiral SPP could be generated on metallic nanowire by properly controlling the incident polarization orientation [20] [21] [22] , which may have a potential prospect as a sub-wavelength source of circular polarized photons.
However, the existence of a chiral mode on metal wire in the terahertz region has been rarely reported. This is mainly because compared with the intrinsic plasma frequency of noble metal, which generally lies in the visible and ultraviolet regions, terahertz is so low that metals responding to terahertz radiation resemble a perfectly electric conductor (PEC) that does not support SPP waves. Pendry et al. [23] outlined how the dispersion of surface EM modes could be engineered by texturing a surface. Even a perfectly electric conductor with a structured surface can sustain SPP-like modes (termed spoof SPP), resulting from a lowered effective plasma frequency determined completely by the surface geometry [24] . Therefore, surface structure facilitates an extension of visible plasmonic concepts to terahertz frequencies significantly lower than the intrinsic plasma frequency of the metal. This makes the realization of chiral SPP in the terahertz regime, similar to one on nanowire in the visible light regime, become possible. For cylindrical geometries, the geometrically induced spoof SPPs supported by periodic groove corrugating wire have been discussed theoretically and experimentally, showing that they can enable strong confinement and focusing of the electromagnetic field [25] [26] [27] [28] [29] . However, the high-order SPPlike modes are of large losses [28] such that they are usually ignored and no attention is paid to chiral SPPs. Recently, a great work demonstrated that the helical groove structured metal cylinder could support chiral SPP with tuneable orbital angular momentum [30, 31] , which may generate the circularly polarized terahertz wave.
Helically grooved metal wire waveguide for terahertz
In this paper, we provide a further discussion about the chiral SPP of a helically grooved structure on the basis of the former literature [31] . First, we present the chiral SPP, which can be excited efficiently through normally illuminating the helically grooved metal wire by using a linearly Gaussian beam. Then, the formation mechanism of groove handedness-dependent rotation of an electric field and single-stranded spiral patterns of the power flow of chiral SPP mode are discussed qualitatively and quantitatively. Finally, the evolution of the frequency-dependent circular polarization state of an electric field on the vertical cross section is analysed in detail. The basic model considered is a terahertz metallic wire waveguide, as shown in Fig. 1(a) . Different from the traditional bare metal wire waveguide that supports a weak confined Sommerfeld wave [32] and the periodically corrugated metal wire [25, 26] , the proposed wire was corrugated by a helical groove. The structure is modelled by removing a helix with a circular cross section from a cylinder. The geometry parameter is the radius of the cylinder R, total length L, radius of helix cross section r, groove period or helix pitch Λ.
To excite the surface wave, a linearly polarized Gaussian beam with a waist radius equal to the radius of the wire R is normally incident (along the X-axis direction) on one end of the helically structured wire. The chosen wave is a sinusoidal wave with a frequency =1 THz. Simulations were implemented by using the FDTD program in which a three-dimensional Cartesian X-Y-Z coordinate system was used, and the axis of the wire is along the Z direction. The dimensions of the grid cells are set to 5 µm. Metal material is assumed as PEC, and the surrounding boundaries are set to be perfectly matched layers (PML). The outside dielectric is free air with a permittivity of 1. Three types of structured wire, i.e., corrugated by a single right-handed helix, single left-handed helix, and left-righttwined helix, were studied to investigate the relation between the chirality of SPP and the geometry characteristic. Fig. 1 (b) presents the evolution of the real part of the Ez field along the phase on the XY-plane placed 10 µm away from the output end for different structures at P-polarized exciting. It is found that the Ez electric field rotates along the phase for both single helix corrugated structures, shown as the first two rows in Fig. 1(b) . Moreover, the rotating direction depends on the characteristic of the helical groove, i.e., the Ez field rotates clockwise for right-handed helically grooved wire and anticlockwise for the left-handed one (all pictures are viewed in the propagation direction). Interestingly, the left-right-handed twined helically grooved wire behaves distinctively for the rotation-like behaviour disappears under the same configuration; instead, the field distribution performs like a dipole mode. Obviously, different to real chiral SPP modes on nanowire, whose behaviours mainly depend on the incident polarization orientation [21, 22] , the characteristic of chiral SPP supported by helically corrugated wire is not only related to the exciting manner but also to the handedness of the helical groove.
Electric field rotation around the wire surface
This implies that the asymmetrical helical groove does have great influence on the SPP shape.
The formation mechanism of the rotation can be explained by the characteristic of EM fields bound to the helical structure.
All of the field components in a helical geometry can be expanded in terms of the Eigenmodes as in [33] :
where , is the modal amplitude, is the effective mode index, which controls the symmetry properties of the EM fields, is the integer denoting the mode order, is the wave vector of the propagating wave, and Λ is the period of the helical geometry. Equation (1) states that components of the electromagnetic field are of azimuthal dependence with the n modes, which are controlled by the factor e . Effective mode index n is a function of wave number β, implying that the number of azimuthal nodes will evolve from an even value at a small wave number to an odd value as the wave vector increases close to the band edge, β π p . This is different from the case of a bare metal cylinder, whose EM field always appears as even nodes on its azimuthal distribution [22] . For the small wave vector, the SPP mode for n 0 is independent of angular, a type of quasi-symmetrical mode, which we call TM mode (note that we just call it 'TM' by borrowing the concept of modes existing on metal wire waveguides with uniform cross sections. Strictly speaking, it is not the rigorous TM mode). For n 0, the field is in angular-dependent high mode, i.e., HE mode (we call it HE modes in the same way), which rotates clockwise or counter-clockwise at fixed cross sections where the rotation direction depends on the sign (+ or -). 
Dispersion of SPP modes on helically grooved wire
To gain further insight into the nature of such chirality, we calculated the dispersion curves in the first Brillouin zone for a right-handed helically grooved wire wave guide using calculations, the impedance boundary condition is used to simplify the calculation, and the Drude mode of copper [35] is taken to characterize the material of the structure to consider the real metal loss. From Fig. 3 , we can see that TM mode has no minimal cut-off frequency, which is in contrast to higher modes, i.e., HE mode having a minimal cut-off frequency.
Moreover 
Spiral power flow and frequency-dependent circular polarization on cross sections
In the case of the right-handed helically grooved wire, the incident frequency (f =1 THz) is above the minimal cut-off frequency of the HE-1 mode; hence, the lapped modes, evidenced by the above QAP-like phase pattern, will be generated. The electric field of the HE-1 mode having transversal rotation implies that the combination of TM and HE-1 will create a spiral distribution of electromagnetic energy density in three-dimensional space. The handedness of the spiral is also determined by the rotation direction of the included HE-1 modes. The spiral pitch can be obtained from the following expression:
where is the wave number of different Eigenmodes. The polarization state rotates as the wave propagates forward.
( In addition to the spiral power flow, chiral SPPs can also directly bring a non-linear polarization of the electric field around the outer surface. Circular polarization degree C is defined as in [36] :
where , are the transverse and longitudinal electric field components, respectively, 〈 〉 denotes time average, and is the phase of the different electric field components.
We calculated the degree of circular polarization degree C on different vertical cross sections for three cases of working frequency f =1 THz, 1.2 THz, 1.3 THz. ( C 1 at two peaks ). Interestingly, the two opposite polarization peaks also rotate along the Z axis in the same direction with the HE-1 mode, which is to say that the spatial polarization status on the vertical planes will also propagate spirally around the wire. It is worth mentioning that the polarization status will become disordered beyond the output end, shown as the rightmost picture, which is mainly because of the complex scattering at the irregular distal end. Fig. 3 reveals that the HE+1 mode is not separated from the HE-1 mode without any intersectional frequency, which implies that when the incident frequency becomes higher than the minimal cut-off frequency of the HE+1 mode and lower than the bandedge frequency of the HE-1 mode, the final electromagnetic field will be hybridized with three modes (i.e., TM, HE-1, and HE+1). To illustrate the dependence of polarization on frequency, we also mapped the polarization degree on the same planes for f =1.2 THz, which is located in the range occupying the three modes, shown in Fig. 5(b) . It is clear that the circular polarization distribution becomes chaotic due to the more complicated EM field caused by beating of the inversedirection rotational modes. Similarly, if the incident frequency further increases over the band-edge frequency of HE-1, the EM field will only exist in a single mode, i.e., HE+1 mode. moreover, the pure polarization state can maintain itself well along the longitudinal direction even after radiating off the output end.
Discussion and conclusions
The ability of converting linear polarization of the incident to circular polarization through chiral SPP makes the helically grooved wire promising for numerous applications, such as near-field optical microscopy [37] and sensors for chiral molecules [38, 39] . Moreover, the fact that the effective plasma frequency of a structured surface can be altered by redesigning the geometry of the macro-structure suggests that the chiral SPPs supported by the helically grooved wire could be adjusted.
In the above discussion, we ignore the ohm loss in metal.
However, related losses for a realistic metal in the terahertz region under a confined EM field become considerable.
Therefore, the propagation length of chiral SPP should be considered for actual application, which can be optimized by a proper design of the geometric parameters. Actually, the polarization angle of the incident linearly polarized beam also has a great effect on chirality by determining the ratios of different component modes. Here, we only discuss one case that is perpendicular to the axis. Further discussion is underway.
In conclusion, we investigated the formation of chiral SPP on a helically corrugated wire, which is generated by normally impinging on the wire end by using a linearly polarized It is shown that the spiral pitch derived from the result of the FDTD method agrees well with the one obtained from the FEM method. Moreover, highly circular polarization generated from the chiral SPP was discussed in detail, and we found that the polarization status is frequency dependent. This type of helically grooved wire can find potential application in terahertz sensors and near-field microscopy, offering a simple way to achieve a terahertz circularly polarized light source.
